We suggest in Fig. 5 that arginase is common to the two cycles. Although the remaining steps of the two cycles are shown separately in this figure, there seems to be no objection to the assumption that the enzymes catalysing the remaining steps are common to the two cycles, provided that in physiological conditions these enzymes, as is the case with arginase, are likely to be far from the point of saturation. Thus provided that the enzymes of the partial systems that have been investigated in the last ten years are capable of transforming simple derivatives of ornithine and citrulline corresponding to our OX, OY, etc., this scheme provides a way of reconciling the whole body of work up to date on the mechanisms of urea synthesis. SUMMARY 1. It has been confirmed that ornithine is a more effective catalyst of urea synthesis in rat liver than citrulline, and some evidence has been obtained that the same is true of guinea-pig liver.
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of synthesis from the time of addition of catalyst underestimate the relative effectiveness of ornithine. The steady-state rate attained with ornithine is significantly higher than that attained with an equimolar amount of citrulline.
5. Incubation of liver slices with ammonia before adding catalyst has different effects on the reaction catalysed by ornithine and reaction catalysed by citrulline.
6. Ornithine and citrulline interfere with each other's catalytic reactions.
7. A new scheme of urea synthesis is proposed, based on these observations. The Relation of Ammonia Concentration to Urea Synthesis BY J. R. BRONK* AND R. B. FISHER Department of Biochemi8try, Univer8ity of Oxford (Received 3 October 1955) In the course of attempts to establish that the processes catalysed by ornithine and by citrulline which lead to urea synthesis in rat-liver slices were distinct, some experiments were made on the effect of variation of ammonia concentration on the rate of urea synthesis. These experiments were made in a restricted range of conditions, but it is not possible at present to extend the observations. The data show that the relation between ammonia concentration and rate of urea synthesis is more complex than has hitherto been thought.
We have also made observations on the relation between ammonia utilization by liver and the rate of urea synthesis in a variety of conditions. These experiments disclose a number of new features of ammonia metabolism in liver.
METHODS
The methods used have been described in detail in the two previous papers (Bronk & Fisher, 1956a, b) . Urea was estimated as NH, released by melon-seed urease, and the determination of free NH, was an essential part of this method. Thus, provided that the amount of NH, originally added to the incubation medium containing liver slices was known, NH, utilization could be computed from the data obtained during the urea determinations.
Glutamic acid and aspartic acid were separated from each other and from other amino acids by the paper-electro-phoretic method described previously (Bronk & Fisher, 1956a) , and determined by the ninhydrin-colorimetric method. Glutamine and asparagine could be distinguished from other ninhydrin-reacting substances on the electrophoresis papers, but the quantities of material present in the positions corresponding to these compounds were never large enough for reliable estimation.
The conditions in which the relation between NH3 concentration and rate of urea synthesis were studied were as follows.
(1) 20 pmoles ofurea/10 ml. was present in all experiments.
We have already shown (Bronk & Fisher, 1956b ) that this suppresses almost entirely urea synthesis from NH3 in the absence of ornithine and citrulline, without affecting urea synthesis in the presence of the catalysts.
(2) The concentrations of catalyst were 5 9,umoles of ornithine and 22-8jumoles of citrulline in the 10 ml. of medium used.
(3) At the three higher concentrations (50, 100 and 200 pmoles/10 ml.) NH3 was added initially as NH4Cl in these concentrations, and the effective catalyst concentration was taken as the mean of this initial concentration and that found at the end of the experiment. At the lowest concentration of NH, used (25umoles/10 ml.), NH3 was added initially to give this concentration, and a further equal amount of NH3 was added half-way through the incubation period of 30 min. Again the mean of the initial and final concentrations, which in this case were nearly equal, was taken as the effective NH, concentration.
RESULTS
The results ofthese experiments are shown in Fig. 1 Relation between ammonia utilization and ammonia concentration. It has long been known (Krebs, Eggleston & Hems, 1948 ) that when liver slices are incubated in conditions similar to those used in the present experiments more ammonia disappears than can be accounted for by the urea appearing. Table 1 shows that this is true of the experiments for which Fig. 1 (Bronk & Clarkson & Kench (1956) have recently shown Fisher, 1956b ) that the reaction catalysed by that as much as 36 % hydrolysis of glutamine can ornithine, which is the more probable physiological take place on a cation-exchange resin (Zeo-Karb pathway (see below), does not attain a steady state 225). This introduces some uncertainty into the until the second 15 min. period of our observations. interpretation of our measurements, but it still In the constant presence of ornithine in vivo the remains that the proportion of extra ammonia rates of urea synthesis at given ammonia concentrautilization which could be accounted for as di-tions could be 1-5 times as high as those we have carboxylic acids and their amides could not exceed found during the 0-30 min. period. 10-20 %, even if one supposed that all of the diWe base our belief that the reaction catalysed by carboxylic acid found had been derived by resin ornithine is the more likely to be of physiological hydrolysis from liver acid amides.
importance on the data of Fig. 1 . In these experiments, the concentration of citrulline was regularly DISCUSSION approximately four times that of ornithine. We may measure relative effectiveness roughly by the ratio These experiments throw some light on the dis-of R,u, to catalyst concentration (Bronk & Fisher, crepancy between the observed rate of urea 1956 b). The relative effectiveness in these terms will synthesis in liver slices and the rate necessary to depend to some extent on what concentrations of account for physiological urea production. One of the two catalysts are being compared. But if we us (Fisher, 1954) has suggested that a mean rate of make experiments in which a given concentration of urea synthesis corresponding to about 36 pmoles of ornithine is constantly being compared with a given urea formed/100 mg. dry wt. of tissue/hr. (R.N) is concentration of citrulline, variations in relative necessary to account for the average rate of protein effectiveness can be taken as showing reliably the metabolism in the rat and that, owing to the non-differential effect of the experimental variable on uniformity in the rate of protein catabolism, the the two catalysed reactions. The effect of change in peak capacity must be much higher than this.
ammonia concentration on the relative effectiveness
The existing data of the two catalyses is shown in Table 6 , which is suggested that the rate of urea synthesis of liver derived from the data of Fig. 1 . This table shows a slices fell off progressively as the ammonia concen-sharp rise in relative effectiveness of ornithine as the tration fell below 200 ptmoles/10 ml., and the rate arnmonia concentration falls, and suggests that at observed at an initial ammonia concentration of physiological concentrations of ammonia the cycle 3-18 mg./100 ml. (19 ,umoles/10 ml.) and in the catalysed by ornithine is likely to be far the more presence of 7-6 jmoles of ornithine/10 ml. corre-important. The point already made about the relasponded to an Rr,,,. of 18. But there was no added tion between the rates of urea synthesis measured urea in these experiments, as there would be in over 30 min. and the steady-state rates in the physiological conditions, and we have shown constant presence of catalyst comes in again here. The measured rates of the reaction catalysed by ornithine are further from the steady-state rates than the measured rates of the reaction catalysed by citrulline, so that the steady-state relative effectiveness of ornithine may be expected to be still higher than the observed relative effectiveness. All that is certain about ammonia utilization by liver slices is that a large fraction of it is not accounted for as urea or as dicarboxylic acids or their amides. It is probable, however, that the unknown processes of ammonia utilization are not quantitatively important. On the whole, they occur to a greater extent the lower the rate of urea synthesis, so one might expect that when better conditions for urea synthesis were discovered these processes would be largely suppressed. Since, in addition (Table 4) , extra ammonia utilization falls off very sharply with time, the processes involved probably do not proceed at any great rate in physiological conditions.
The relation between ammonia metabolism and urea synthesis is clearly complex. On the one hand, increasing the ammonia concentration beyond a certain point decreases the rate ofurea synthesis and increases the rate of utilization of extra ammonia. At low concentrations of am-monia, at which urea synthesis is diminished, extra ammonia utilization is increased. Also, the rate of urea synthesis increases with time and the rate of extra ammonia utilization decreases with time. But this simple reciprocal relation is complicated by the observation (Bronk & Fisher, 1956b ) that pre-incubation of liver slices with anunonia increases the rate of urea synthesis. We have examined the possibility that the effect of pre-incubation is due simply to a lowering of the ammonia concentration before adding the catalyst. The diminution in ammonia concentration that would be necessary at an initial ammonia concentration of 100,umoles/10 ml. is of the order of 50 %, whereas the observed diminution in ammonia concentration during pre-incubation is 10-15 %. There must presumably therefore be products of ammonia metabolism which favour urea synthesis as well as products which interfere with it. SUMMARY 1. The rates of urea synthesis by rat-liver slices, catalysed by ornithine and by citrulline, increase with increasing ammonia concentration up to about 50 ltmoles of ammonia/10 ml. and then fall off.
2. The effectiveness of ornithine as a catalyst increases relative to the effectiveness of citrulline as the ammonia concentration falls.
3. The effects of ammonia, catalyst and urea concentration on ammonia utilization have been studied. In general, urea formation and extra ammonia utilization vary reciprocally.
4. Only about 5-10% of the extra ammonia utilization is due to formation of dicarboxylic acids or their amides.
5. On the basis of this and other work it is suggested that the cycle catalysed by ornithine is the more likely of the two cycles postulated by Bronk & Fisher (1956b) to be responsible for physiological urea synthesis.
